A 2-step culture system was designed and tested for the in vitro maturation efficiency of oocytes from pre-puberty preantral follicles of FVB/N inbred mice. The following modifications were made: 1) The concentration of ITS was reduced by half in the basal MIF medium to minimize uncoordinated growth between oocyte and GC cells; 2) Heterogeneous preantral follicles were cultured in groups of 3 -5 follicles in hanging drops of medium with reduced concentration of ITS for six days to induction follicular aggregation. This hanging drop method mimics a 3-D IVM culture system at the early stage of cultivation in which the sphere structure of each follicle is well maintained. It also enables follicles in each aggregate to communicate with each other, synchronize their growth, and thus prevent immature follicular rupture; 3) Medium was further supplemented with retinoic acid to enhance developmental capacity of meiotically arrested oocytes. After a 14-day culture in vitro, ~37% of the collected inbred preantral follicles completed nuclear maturation. Approximately 94% of the mature oocytes tested were able to be fertilized; and 77% of them developed into healthy embryos. These results demonstrate that our IVM system is reliable to produce a satisfactory number of high quality oocytes. In addition, multiple cytoplasmic parameters, including gene expression of key regulators, chromosome/spindle organization, mitochondrial proliferation and distribution, and total ATP content were explored to characterize the supportive and limiting components of our IVM system so that the culture system can be further optimized.
INTRODUCTION
In vitro maturation (IVM) of human oocytes has gained increasing attention and interest in infertility treatment with great promise [1] . This technique offers an alternative to conventional in vitro Fertilization (IVF) and Embryo Transfer (IVF-ET) by which the high cost of gonadotropin administration can be reduced, particularly for poor responders to gonadotropins; and the side effects associated with gonadotropin stimulation such as ovarian hyperstimulation and possible elevated hormonerelated tumorigenesis can be minimized [2] [3] [4] . Different IVM culture systems have been established in several mammalian species to study oocyte development, and have applied to assisted reproduction in humans and livestock animals [5, 6] . However, although significant progresses have been achieved in recent years, the current IVM protocols are far from optimal in terms of the number of mature oocytes obtained, as well as fertilization and live birth rates.
Immature mouse oocytes have long been used to develop reliable follicle culture systems and to investigate physiology of folliculogenesis and oocyte maturation. Both enzymatically isolated granulosa-oocyte complexes (GOCs) and mechanically dissected intact follicles had been tested in various 2-D and 3-D culture systems [7] [8] [9] [10] . In general, a 3-D culture system has many advantages over a 2-D system in that the intricate follicular architecture as well as the granulosa-oocyte interaction are well preserved. Maintenance of 3-D structure of IVM follicles has been achieved by various approaches including culturing in membrane inserts, daily transfer of follicles to new droplets, or culturing intact follicles encapsulated with hydrogels like agar/agarose, alginate and hyaluronan [11] [12] [13] .
A precisely coordinated multi-directional autocrine and paracrine communication between oocytes and somatic cells including granulosa cells, theca cells, as well as certain extra-cellular matrix/gap-junction components, is crucial for oocyte growth and cytoplasmic meiotic competence [14] [15] [16] . Growth of mammalian oocytes can be divided into three phases according to their developmental stages and responsiveness to gonadotropins: 1) gonadotropin-independent phase in which primordial follicles develop to primary and secondary preantral follicles; 2) gonadotropin-responsive phase in which transition from preantral to early antral stage occurs. At this stage, follicle growth and oocyte maturation are primarily controlled by intrinsic intraovarian signals from oocytes and granulosa cells, although exogenous FSH can stimulate follicular growth; 3) gonadotropin-dependent phase, which includes follicle selection and ovulation [17] [18] [19] [20] . Of the three phases, the preantral-early antral transition is most susceptible to follicular atresia [21] . To prevent the oocyte from degeneration at this stage, the cumulus cells continuously provide the oocyte with nutrients and regulatory signals to sustain the progression of maturation, in particular nuclear maturation. Reciprocally, oocyte-secreted factors regulate the growth and differentiation of granulosa cells; subsequently initiate mucification of the cumulus vestment and ovulation [22, 23] . It has long been observed that, during in vitro maturation, although nuclear maturation is complete, cytoplasmic maturation is not assured [24] . It also has been demonstrated that in vivo produced ova are generally of superior quality in terms of production of healthy embryos and offspring [25, 26] . Therefore, establishment of an in vitro culture system that can closely recapitulate the in vivo follicular environment has been the focus of much research.
The most important step in IVM of mouse preantral follicles is to remove dictyate arrest of the oocytes, initiate and complete MI to MII transition. In general, oocytes from mice younger than day 15 after birth are meiotically less competent to complete nuclear maturation in vitro when compared with oocytes collected from mice older than 21 days. Consequently, pre-puberty follicles (<15 days pp) showed a dramatic decrease in maturation rate with respect to meiotic completion and developmental competence in comparison with the post-puberty ones (≥21 days pp) [8, [27] [28] [29] [30] . This is most likely due to an inadequate accumulation of a large store of mRNA and proteins required to gain competence for meiosis resumption as well as early embryonic development in early preantral follicles [31] . This hypothesis has confirmed by the induction of GVBD in oocytes from young mice by over-expression of both CDK1 and B1 [32, 33] . In addition, an established hypothalamus-pituitary-ovary axis may also contribute to the discrepancy in the developmental competence between pre and post-puberty follicles. Possibly, preantral follicles from older mice have already been better primed by signals from pituitary.
It is well known that genetic background influences oocyte developmental competence in the mouse [34, 35] .
Various genetic strains differ greatly with respect to efficiency of in vitro fertilization, cleavage rate, responsiveness to hormonal milieu, metabolic status, epigenetic changes, pH regulation, parthenogenetic activation and pre-implantation development [36] [37] [38] [39] [40] . The potential interplay of genetic and environmental factors determines the rate of meiotic maturation in vivo or in vitro amongst different mouse strains [41, 42] . Currently, almost all of the IVM culturing systems were tested using follicles from hybrid F1 mice. This study aims to present a reliable IVM culturing method for the maturation of early preantral follicles from FVB/N inbred mice.
Enlightened by the methodology in embryoid body formation from ES cells, we modified the conventional IVM protocol by culturing premature follicles in hanging drops of medium during early period of cultivation to ease spatial restriction, prevent premature ovulation and synchronize follicular development. At later stage of IVM, the medium was optimized to facilitate meiotic maturation. Maturation rate of pre-puberty preantral follicles from inbred FVB/N mice was examined. Furthermore, multiple parameters showing the dynamics of nuclear/cytoplasmic maturation by IVM were compared with those by in vivo maturation.
MATERIALS AND METHODS

Follicle Harvest
Preantral follicles were collected from 14-day old FVB/ N females carrying an Umodl1-BAC-LacZ transgene, named pW224. Umodl1 is a gonadotropin-responsive gene that is specifically expressed in oocytes, early embryos as well as some adult organs (data not shown). The female transgenic mice show no difference in fertility compared with the wild type FVB/N females when number of ovulated oocytes and litter size of live pups were examined. Furthermore, the transgene pW224 can direct the reporter β-galactosidase to fully recapitulate the endogenous Umodl1 (paper in preparation). Ovaries were removed and transferred to M2 medium (Millipore, USA; MR-015-D). Preantral follicles were isolated by mechanical micro-dissection. Follicles of 90 -130 µm in diameter with a healthy morphology were selected. Histological analysis showed that almost all of the selected follicles were 2-layered secondary follicles (Figures 2(B) -a and e). (Figure 1) . At day 7, the aggregates with a healthy appearance and no sign of premature follicular rupture were transferred to 30 µl droplets of culture medium covered with paraffin oil and cultured by the conventional method. Half of the medium in each droplet was replaced with fresh medium every other day. The following media were used in this study: Group A, MIF (α-MEM/GlutaMax-1(Invitrogen/Gibco, USA; 32571 -036) + 10% FBS (Gemini, USA; 100 -125) + 1/2 ITS (Sigma, USA; I2521) + 100IU/L FSH (Serono, USA; Gona-f ® REF 75IU) for 10 days. At day 11, additional 0.25 mM ascorbic acid (Sigma, USA; A4034) and 2 µm retinoic acid (Sigma, USA; R2625) were added to the MIF basal medium. To initiate ovulation, the MIF was further supplemented with 10 ng/ml EGF and 1.5 IU/ml hCG from day 13 of culture. Group B, MediCult IVM system (ORIGIO, USA; 8221) + 100 IU/L FSH for 12 days. Human chorionic gonadotropin (hCG; Sigma, USA; CS5-1VL) and EGF (Invitrogen, USA; PMG8044) were added to a final concentration of 1.5 IU/ml and 10 ng/ml, respectively at day 13; Group C, SAGE IVM system (CooperSurgical/SAGE, USA; SPN-0063) + 100 IU/L FSH for 12 days, followed by 10ng/ml EGF and 1.5 IU/ml hCG stimulation at day 13. Collected GVBD oocytes were further incubated in M16 medium (Millipore, USA; MR-016-D) supplemented with 2 µM retinoic acid (RA) for two days to complete meiotic maturation. Follicles/oocytes from Group A were collected at different maturation stages for other assays. Growth of follicle aggregates were monitored and photographed with a Nikon Eclipse Ti-U inverted microscope (Nikon, Japan) controlled by NIS-Elements F3.0 software. Figure 1 . Schematic illustrating experimental design. Two-layered follicles from day 14 female mice were cultured by hanging drop method for six days to facilitate follicular aggregate formation, followed by cultivation in the convention way for six more days. At day 13, MII maturation and ovulation were induced with medium supplemented with retinoic acid, EGF and hCG.
lacZ Staining and Histology
β-galactosidase (lacZ) staining on dissected follicles and embryos were performed as previously described [43, 44] . β-galactosidase-stained embryos or tissues were dehydrated in graded alcohols, xylene and finally embedded in paraffin and sectioned. After being de-waxed and rehydrated, the sections were counterstained with nuclear fast red (Sigma, USA; N3020) and cover-slipped.
RT-PCR
2-layered (n = 10) and multi-layered (n = 10) preantral follicles were isolated from day 14 in vivo oocytes and IVM aggregates at day 3, respectively. To isolate oocytes and granulosa/theca cells at the antral stage, IVM antral follicles at day 12 were mechanically ruptured. The released cumulus-oocytes complexes were treated with Hyaluronidase. Ten denuded oocytes were harvested. The remaining granulosa cells and theca cells were pooled. Meanwhile, equal numbers of stage-matched preantral or antral follicles were collected from day 14 and 28 ovaries, respectively, as reference controls for examining the dynamic expression of various ovarian genes during in vivo folliculogenesis. RNAs from mouse R1 embryonic stem (ES) cells and mouse embryonic fibroblast (MEF) cells were also included as controls.
Total RNA from cells, oocytes and follicles was prepared using TRIzol (Invitrogen, USA; 15596-018). Trace amounts of DNA in the RNA samples were removed using DNase I which was then heat inactivated. Reverse transcription was carried out according to the manufacturer's instruction (Promega, USA; A3500). RNA expression levels were quantified using semi-quantitative RT-PCR. cDNA levels were normalized using β-acitn as an internal control, by which the β-actin level of each RNA specimen was first checked for equal cDNA synthesis and equal PCR amplification among samples. Primer pair of each gene had been pre-tested to determine the cycle numbers of linear amplification. Primer sequences are available upon request.
The optimal PCR parameters for all genes tested are: 2 min at 92˚C followed by 28 cycles of 15 sec at 92˚C, 30 sec at 50˚C and 1 min at 72˚C. Relative expression levels of the ovarian genes were visualized by agarose gel electrophoresis.
TUNEL Assay
The control (n = 3) and IVM (n = 3) antral follicles were micro-dissected from a day 28 moue ovary and a day 12 follicular aggregate under IVM, respectively. Tissues were first fixed in 4% paraformaldehyde, followed by dehydration, paraffin embedding, and sectioning. After de-paraffinization and rehydration, selected sections were pre-treated with 10 µg/ml Proteinase K in 10 mM TrisHCl for 20 min at room temperature. Labeling of DNA strand breaks was performed using in Situ Cell Death Detection Kit, Fluorescein (Roche, USA; 11684795910) and analyzed with a Nikon Eclipse 90i fluorescence microscope with appropriate filter and imaging systems.
Immunofluorescence Staining
MI and MII oocytes were briefly exposed to acid Tyrode's (Millipore, USA; MR-004-D) to remove the zona pellucida and fixed in 4% paraformaldehyde/PBS for 30min at room temperature. The oocytes were then permeabilized and blocked in 1× PBS containing 0.25% Triton X-100 and 10% normal goat serum (called blocking solution) for 1 hr at room temperature, followed by an overnight incubation with 1:400 diluted monoclonal anti-α-tubulin antibody (Sigma, USA; T9026) in blocking solution at 4˚C. The next morning, samples were washed three times with 0.05% Tween-20 in 1× PBS and then incubated with 1:400 diluted AlexaFluor ® 488 rabbit anti-mouse IgG (H + L) secondary antibody (Invitrogen, USA; A11059) for 1 hr at room temperature. After three washes in 1× PBS/0.05% Tween-20, oocytes were transferred to droplets of mount medium containing DAPI (Santa Cruz, USA; sc24941), cover-slipped and photographed.
To test correct differentiation of inner cell mass and trophoblast cells in the blastocysts derived from IVM oocytes, the blastocysts were double labeled with Cdx2 and Nanog antibodies. The blastocysts (n = 3) were fixed in paraformaldehyde, permeabilized with 0.25% Triton X-100/PBS, blocked and incubated with 1:200 diluted primary antbodies against Nanog (Abcam, USA; ab80892) and Cdx2 (BioGenex, USA; Mu392A-UC) overnight at 4oC followed by two times of wash and a 2hr incubation with 1:400 diluted secondary antibodies. The secondary antibodies are AlexaFluor ® 488 goat anti-rabbit IgG (H + L) (Invitrogen, USA; A11008) and Texas Red ® -X goat anti-mouse IgG (H + L) (Molecular Probes, USA; T6390) to detect Nanog and Cdx2 signals respectively. After three washes with PBS/0.05% Tween-20, the blastocysts were transferred to the DAPI-containing mounting medium and cover-slipped. Distribution of Nanog and Cdx2-positive cells was visualized by fluorescence microscopy.
Mitochondrial Staining
Control and IVM oocytes of MI and MII stages were collected and cultured in M16 medium containing 100 nm MitoTrack@Red CMXRos (Invitrogen, USA; M7512) for 30 min at 37˚C, 5% CO 2 . Oocytes were then rinsed with 1× PBS once and treated with acid Tyrode's to minimize the signal interference from stained zona pellucida. Oo-cytes were further incubated in M16 at 37˚C for 1 hr to remove nonspecific signals. Before microscope examination, nuclei were stained with DAPI. Detection of mitochondrial distribution was performed using a Nikon Eclipse 90i fluorescence microscope equipped with a filter set for RITC.
ATP Content Measurement
ATP content in single oocytes was performed using ENLITEN ATP Assay System (Promega, USA; FF2000). A 1:10 serial dilution of the provided ATP standard (10 -7 M) was made. ATP standards at the concentration from 10 -10 to 10 -16 M were measured to construct the ATP standard curve. IVM oocytes at 2-layered preantral, GV, GVBD and MII stages were collected. Twelve oocytes of each stage were pooled and boiled in 60 µl ATP-free H 2 O to release ATP. In addition to the IVM oocytes, stage-matched oocytes from 28-day old untreated females and 21-day old gonadotropin (PMSG, 5IU/female) stimulated females were also included in this assay as well as the Mitochondrial DNA copy number assay to be mentioned later.
The ATP standards and oocyte samples were taken up in 20 µl and mixed with equal volume of reconstituted rL/L reagent from the Kit. RLU signal was measured with a Luminometer GloMax20/20 (Promega, USA). Each sample was analyzed in three replicates and ATP quantity in each oocyte was deduced from the ATP standard curve. Data are presented in Mean ± SD.
Absolute Mitochondrion Number by Quantitative PCR (Q-PCR)
Mitochondrial DNA (mtDNA) extraction. Pooled oocytes (n = 9 for each stage) of the same maturation stage were transferred to 200 µl thin wall PCR tubes and lysed for12 hr in mtDNA extraction buffer (50 mM Tris-HCl, pH 8.5 with 0.5% Tween-20) containing 100 µg/ml Proteinase K at 55˚C, followed by heat inactivation at 95˚C for 10 min in a total volume of 30 µl of reaction. Standard curve construction. Absolute quantification of oocyte mitochondria was performed by the standard curve method. A 736 bp mtDNA fragment was PCR amplified from mitochondrial genome between nt3455 and nt4191 using oligo 644 (5'CGCCCTAACAACTATT-ATCTTCCT3') and Oligo 648 (5'GACCGTTTGTTT-GTTGTTGAAA3'). This template was purified by gel extraction (Qiagen, USA; QIAEXII,) and quantified by UV spectrophotometry. 1 ng of 736 bp PCR product comprised 1.24 × 10 9 molecules of double stranded DNA. Real-time PCR amplifications over a copy number range of 1.0 × 10 2 to 1.0 × 10 7 , which range falls to the 10 7 -10 2 fold dilutions of 1 ng/µl template respectively, were performed. The relationship between the Ct value and the logarithm of the initial copy number of the standards should be linear with the correlation coefficient r 2 > 0.99. Setup of Q-PCR. All oocyte samples and standards were measured in triplicates in a 364-well PCR plate. Nested primer pair, Oligo 645 (5'GAGCATCTTATC-CACGCTTCC3') and Oligo 646 (5'GGTGGTACTC-CCGCTGTAAA3') spanning nt3571 to nt3698 of the mitochondrial genome were used to amplify both the standards and oocyte samples at the final concentration of 400 nm. Real-time PCR amplifications were performed in 25 µl reaction volumes using SYBR green (Applied Biosystems, USA; 4309155) on an ABI-7900 HT cycler (Applied Biosystems, USA). The PCR parameters are: 95˚C for 2 min, 35 cycles of 95˚C for 10 s, 55˚C for 15 s, 72˚C for 20 s, followed by 3 min at 72˚C.
Data analysis. Threshold cycle number (Ct) was calculated with ABI 7900HT SDS 2.3 software. The quantities of each PCR product were calibrated by a linear regression model using standard curves calculated between Ct value and the logarithm of the concentration of standards. Student's t-test and one-way analysis of variance were performed on mtDNA copy number after logarithmic transformation of the data. The difference in mtDNA copy number between IVM oocytes and either of the two control groups was analyzed by Student's t-test. P values less than 0.05 were considered to be significantly different. mtDNA copy number is presented as mean ± SD.
In Vitro Fertilization (IVF) and Embryo Oviduct Transfer
Collection of fresh sperm. A male C57BL/6J was sacrificed. Epididymides along with the vas deferentia were dissected out and placed in a dish filled with HTF medium (Millipore, USA; MR-070-D). The epididymis was minced. The sperm dish was incubated at 37˚C, 5% CO 2 for 1 hr. Sperm count was adjusted to 2.5 × 10 6 sperm/ml in HTF.
Piezo-driven zona-drilling on IVM oocytes. Piezodriven zona-drilling was essentially performed with a Prime Tech PMM controller as previously described [45] with some modification in which blunt-tip pipettes in 10 -20 µm diameter were used as the piezo-activated drilling pipettes. One or two holes were induced to each oocyte. Prior to IVF, oocytes were recovered in KSOM + AA (Millipore, USA; MR-121-D) for 1hr in a 37˚C incubator gassed with 5% CO 2 .
IVF. Thirty zona-drilled oocytes were pooled in one 500 µl drop of HTF and mixed with 10 µl of the C57BL/ 6 J sperm. After 6 hours of incubation at 37˚C under 5% CO 2 , oocytes were washed with KSOM + AA three times and incubated overnight. Fertilized eggs were removed at 2-cell, 3-cell, 4-cell, morula and blastocyst stages for lacZ staining or immunofluorescence labeling.
The remaining embryos were transferred to the oviducts of two pseudo-pregnant CD-1 female mice. Embryos were then collected at E9.5 and E11.5 for lacZ-staining and genomic genotyping.
Genomic PCR
Genotype of the embryos derived from IVM oocytes was verified by genomic PCR around the region of the polymorphic marker D1Mit3. Genomic DNA was extracted from the yolk sacs attached to the embryos by PK digestion and phenol/chloroform purification. Oligo 642 (5'T-TTTTGTTTTCTTTTCTTTTCCC3') and Oligo 643(5'C-CCTCTTCTG GTTTCCACAT3') are the primer pair to distinguish the 185 bp FVB and 160 bp C57BL/6 J-specific alleles in this analysis. The thermal cycling conditions are 92˚C for 3 min, 35 cycles of 92˚C for 15 s, 42˚C for 30 s and 68˚C for 1 min.
RESULTS
In our pilot studies, we have tried various IVM techniques including the 2-D micro-droplet culture on tissue culture dishes and hydrogel encapsulated 3-D systems to find out the best system for culturing preantral follicles in vitro. The most common adverse event, regardless of which system was tested, is the spontaneous release of the oocyte and follicular degeneration, which normally takes place at days 6 -8 of culture. Mechanisms underlying the premature oocyte release are not clear yet; possible due to uncoupled growth and differentiation of oocyte and granulosa cells. This protocol makes the following modifications: 1) The concentration of ITS was reduced by half in the basal MIF medium to minimize uncoordinated growth between oocytes and GC cells; 2) Heterogeneous preantral follicles were cultured in groups of 3 -5 follicles in hanging drops of medium for six days to induce follicular aggregation. This hanging drop method mimics a 3-D IVM culture system at the early stage of cultivation in which the sphere structure of each follicle is well maintained. It also enables follicles in each aggregate to communicate with each other, synchronize their growth, and thus prevent immature follicular rupture; 3) Medium was further supplemented with retinoic acid to enhance development capacity of meiotically arrested oocytes [46] [47] [48] [49] . Figure 1 summarizes the IVM procedures.
In Vitro Development of Follicles and Nuclear Maturation of Oocytes
Isolated follicles with a diameter of 90 -130 µm were collected for this study. The mean diameter (±SD, N) of the enclosed oocytes was 60 (±8, 30) µm (Figure 2(A)-a) . Histological analysis of these follicles after 1 day of culture showed that they were 2-layered preantral follicles (Figures 2(B)-a and e) . On day 3 of culture, follicular aggregates with a healthy appearance formed in all individual hanging drops (Figure 2(A)-b) . Progressive enlargement of the aggregates indicated the growth of the IVM follicles. On day 6 of culture, the size of oocytes (n = 55) increased to 65 ± 8 µm in diameter. Accordingly, the cultured follicles grew to a range from 140 to 270 µm in diameter, suggesting the heterogeneity in developmental potential among the collected preantral follicles (Figure 2(A)-c) . Surprisingly, among 223 follicles under IVM, only three showed premature oocyte release before day 6, strongly suggesting that culture of follicles in hanging drops, together with reduced ITS, can effectively prevent the spontaneous follicular rupture and follicle degeneration so troublesome to many culture systems. Accelerated growth was observed between days 7 to 9. Also, the follicles became more homogeneous in size, exhibiting a diameter of 389 ± 40 µm ( 
(A)-h).
Progression of nuclear maturation is summarized in Table 1 (experimental group A). During the long-term culture of 14 days, only 9 follicles degenerated as a result of premature oocyte release. Approximately 96% of the follicles retained their oocytes within the follicles and displayed vigorous follicular expansion throughout the culture period. Of the 223 follicles collected, 18 MII oocytes (8%) were obtained on day 12 of culture without hCG treatment. After a 48-hr hCG induction, additional 65 oocytes (29%) showed meiosis maturation as manifested by the extrusion of 1 st polar body. In summary, the cumulative nuclear mature rate of FVB/N inbred preantral follicles under IVM is 37%.
On day 14 of culture, 40% of the collected oocytes (n = 90) proceeded to meiosis I (MI) as marked by germinal vesicle breakdown (GVBD), but failed to proceed to MII ( Table 1) . To test whether these GVBD oocytes were able to resume meiosis upon proper activation, we selected 37 GVBD oocytes for zona drilling and subsequent insemination by IVF. Surprisingly, meiosis reinitiated as indicated by PB1 extrusion in 21 sperm-pene-OPEN ACCESS trated and 10 unpenetrated oocytes. Further development of the oocytes to the two-cell and blastocyst stages was observed in 90% of the sperm-penetrated oocytes. This suggests that oocytes blocked at MI during maturation had already gained certain degrees of competence for MII completion, and could be reactivated in respond to signals from sperm.
Morphological and histological features of the maturing follicles were further examined in details. Follicles were mechanically dissected on different days of culture, subjected to lacZ-staining and sectioned. Progressive growth of lacZ-stained follicles was shown in Figure  2(B) . Antrum-like cavity formation was initially recognized from day 5. At this stage, oocytes of GV stage were enclosed by proliferating granulosa cells (Figures  2(B)-f-h) . By day 12, well-developed antral like cavities were seen in 90% of growing follicles in which oocytes of GVBD were retained in most cases (Figures  2(B)-i and j) . On day 14, upon hCG/EGF stimulation, healthy MII oocytes with extruded PB1 were obtained ( Figure 2(B)-l) . It is noteworthy to mention that almost all of the degenerated and GV oocytes were found in follicles that were in direct contact with the surface of the tissue culture dishes (Figure 2(B)-k) . Their culture milieu was more like that of a 2-D system, which possibly led to a compromised developmental capacity as compared with those growing on top of them.
In parallel, we repeated the aforementioned experiments by replacing our MIF basal medium with either SAGE or MediCult medium to test the success rate of oocyte in vitro maturation from preantral follicles. Although optimized for the IVM of human oocytes, the two commercially available media failed to produce any significant number of MII oocytes (p < 0.01; groups B and C in Table 1 ).
Cytoplasmic Maturation of Oocytes under IVM
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay was carried out to compare the apoptotic activity of the IVM antral follicles with that of stage-matched follicles from in vivo ovaries. Significantly, more TUNEL-positive cells were found in the cumulus-oocyte complex under IVM. Elevated apoptosis in the somatic cells including cumulus cells, mural cumulus cells and theca cells demonstrates that the in vivo maturation conditions are always superior to in vitro culture systems (Figure 3) . Oocytes actually acquire cytoplasmic and nuclear competence within the follicles prior to resumption of meiosis. Substantial growth of oocytes is evident from preantral to GVBD stage while associated granulosa cells continue their growth and differentiation up to the ovulatory stage followed by apoptosis or reprogramming after ovulation. A complex interplay of endocrine, paracrine as well as direct communication between somatic cells and oocytes has to be well orchestrated to assure a well coordinated maturation between cytoplasm and nucleus. To characterize the supportive and limiting components of our IVM system, various parameters of cytoplasmic maturation of the IVM oocytes, including the dynamic expression of key developmental genes, metabolic status and spatial organization of organelles, were accessed by comparing with those of in vivo oocytes.
Semi-quantitative PCR. Two members of TGF-β superfamily secreted by the oocytes, Growth differentiation factor 9 (Gdf-9) and its homolog bone morphogenetic protein 15 (BMP-15), are the two key proteins in primordial follicle recruitment, granulosa cell proliferation and differentiation, and steroid synthesis [50, 51] . Both genes showed a moderate increase from 2-layered preantral follicles to multi-layered follicles and remained steady in oocytes maturated in vivo. Weak signals of BMP-15 were also detectable in granulosa/theca cells. Except a notable down-regulation of BMP-15 in the granulosa cells of antral follicles, the IVM system is able to maintain the correct expression patterns of Gdf-9 and BMP-15 as compared with in vivo follicles/oocytes (Figure 4) . Mater, also called NLrp5, encodes a maternal oocyte protein that is required for early embryogenesis. In vivo, expression of Mater barely showed any change once it was turn on from the preantral stage, which was also observed in the IVM oocytes. Expression of ZP3 was significantly up-regulated during the development from 2-layered to multi-layered follicles, and became unchanged thereafter in vivo. Although a similar dynamic pattern was seen in our IVM follicles, the increase of ZP3 was relatively moderate when compared with in vivo follicles. Like ZP3, Uromodulin-like 1(Umodl1) encodes a glycosylated surface protein in oocytes and adjacent cumulus cells (Figure 2) . Umodl1, a likely novel component of zona pellucid, may also mediate gonadotropin signaling. Expression of Umodl1 was up-regulated as oocytes increased in size when in vivo follicles/oocytes were examined; while no dramatic difference in expression patterns was seen between in vivo and in vitro follicles/oocytes. Paracrine signals from oocytes exert their actions via receptors located on the neighboring granulosa cells. Alk3, also known as BMP receptor 1A, is one of the effector molecules involving in the BMP-15 signaling pathway to regulate the proliferation and differentiation of granulosa cells. Level of Alk3 increased as the granulosa cells proliferate in both the in vivo and in vitro follicles. However, the steady-state expression of Alk3 in the IVM granulosa/theca cells of antral stage was notably lower than the stage-matched control.
Development of the cumulus cell phenotype in vitro is synergistically promoted by signals from oocytes and exogenous FSH. In vivo, concomitant with follicle expansion was an increase of the FSH receptor gene (FSHR) solely in the developing granulose cells. In vitro, FSHR did exhibit a significant increase in expression during the growth of follicles from 2-layered to multi-layered stage. However, its expression in the preovulatory granulosa cells somehow declined as compared with the stagematched control cells. Down-regulation in gene expression was also observed in Glut1 and Cyp19a1 in the IVM follicles. Glucose is the main energy substrate in the mammalian ovaries, and its uptake is primarily mediated by a number of glucose transporters (GLUT). Glut1 is one of the important genes involving in granulosa cell metabolism. Both estradiol and EGF play a role in regulating Glu1 expression. Hypoxia can also increase Glu1 levels and glucose uptake. Interestingly, unlike the in vivo controls whose Glu1 expression increased notably from preantral stage onwards, Glut1 of the IVM follicles changed minimally over the same time period. Cyp19a1, also known as Aromatase, belongs to the cytochrome P450 superfamily. This enzyme catalyzes the last steps of estrogen synthesis from androgens. Its expression in the IVM follicles was down-regulated in all cell types examined. Another member of the P450 superfamily, Cyp11a1 was also included in this study. Cyp11a1 protein localizes to the mitochondrial inner membrane and catalyzes the conversion of cholesterol to pregnenolone, the first and rate-limiting step in the synthesis of the steroid hormones. In mammalian ovaries, Cyp11a1 is also a key player in the proliferation and differentiation of theca/mural cumulus cells. No difference in the dynamic expression of Cyp11a1 could be seen between in vivo and in vitro-cultured follicles/oocytes.
During oogenesis and folliculogenesis, cell-cell and cell-matrix interactions have a profound effect on the availability and actions of hormones and growth factors produced from different cellular compartments including oocytes, granulosa and theca cells. Extracellular matrix (ECM) molecules provide not only structural support to maintain the integrity of developing follicles, but also play an indispensable role in coordinating various signaling pathways. ECM molecules, matrix metalloproteinases and tissue inhibitors of metalloproteinase are usefully markers of follicular health, at least in vitro [52] . Tumor necrosis factor-induced protein-6 (TSG-6) is a member of the hyaluronan-binding protein family. TSG6 null mice provide us a good example of how ECM integrity affects follicular function. Inactivation of TSG6 gene leads to shedding of cumulus cells, absence of cumulus matrix expansion and eventually "naked" oocytes. As a result, their fertility is severely compromised [53] . In addition to its role in follicle growth, ECM is essential for oocyte ovulation, follicular repair after ovulation, and subsequent corpus luteum formation [54] . In general, the expression patterns of TSG-6 were not significantly different between in vivo and in vitro follicles/oocytes, suggesting our IVM system is able to maintain the integrity of maturing follicles. In contrast, the gene encoding cell-cell adhesion molecule Nectin-2 was down-regulated in the multi-layered preantral follicles and antral granulosa cells under IVM. In vivo expression of Nectin-2 is restricted to the granulosa cells surrounding oocytes. Similarly, N-cad, another gene encoding a cell-cell adhesion molecule, showed a slight decrease in expression under the IVM conditions. Therefore, our IVM system imposed different influences between ECM and cell-cell adhesion molecules in regulating the dynamic morphological changes as well as the growth of follicles ( Figure  4) .
Apoptosis, or programmed cell death, is a process of self-destruction under physiological conditions. Typical features of cells undergoing apoptosis are cell shrinkage, lipid membrane blebbing, nuclear chromatin condensation and fragmentation, DNA fragmentation and segmentation of cells into apoptotic bodies [55] . Several members of the Bcl-2 and Caspase families have been demonstrated to participate in the induction, execution or suppression of apoptosis. One of the apoptotic genes, Casp3 was tested in the control and IVM follicles. A moderately higher level of Casp3 was detected in the granulosa cells of multi-layered preantral and antral follicles under IVM, which was consistent with what we observed by TUNEL assay (Figure 3) . A basal level of Casp3 activity was present in both the control and IVM oocytes (Figure 4) .
Immunostaining of spindle. In addition to examining ovarian gene expression and apoptosis levels in the IVM follicles, many other measures to evaluate oocyte quality have been proposed to establish an acceptable criterion for oocyte nuclear and cytoplasmic maturation at the cellular and molecular levels. Extrusion of first polar body (PB1) is considered to be the standard indication for oocyte nuclear maturity, whereas spindle integrity and mitochondrial distribution are commonly used as an index for oocyte cytoplasmic maturity [56] [57] [58] [59] [60] [61] . The normal mouse MI spindle has a characteristic barrel shape, is eccentrically placed in the oocyte with the chromosomes being arranged on the metaphase plate at the equator (Figure 5(A)-a) . At the MII stage, a typical spindle stretches further and the spindle poles become more focused (Figure 5(A)-c) . In general, spindle configuretion was well preserved in the IVM oocytes ( Figures  5(A)-b and d) . Chromosomes were aligned in a compact metaphase plate at the equator of the spindle. The minor morphological change was that the MI and MII spindles were compressed and stretched into a shape more like a diamond in the IVM oocytes (Figures 5(A)-a-d) , suggesting that the IVM conditions affected spindle phenotype.
Mitochondrial distribution and absolute mitochondrial copy number. Coordinated movements of chromosomes and organelles are required for the oocyte maturation. At the time of germinal vesicle break down (GVBD), the chromosomes condense and align themselves on the first meiotic spindle. Meanwhile, a large number of mitochondria move to surround the nucleus and then accompany the spindle to the cortex of the oocyte [62, 63] . During the transition from the GV to MI stage, mitochondria started aggregating around the condensing chromosome ( Figure 5(B)-a) . In mature MII oocytes, mitochondria formed a crescent around the condensed MII chromosomes/spindle (Figure 5(B)-c) . As expected, the same dynamic patterns of mitochondrial polarization were observed in the IVM oocytes as the controls (Figure 5(B) ). However, it is also evident that stronger mitochondrial signals were detected in all of the IVM oocytes examined than those in the stage-matched controls, indicating that our IVM system boosted mitochondrial biosynthesis. Absolute mitochondrial number was quantified by Q-PCR. mtDNA copy number was significantly affected by maturation status and culture conditions. Changes in mtDNA copy number during oocyte maturation are depicted in Figure 5(C) . Under the real physiological conditions (in vivo), mtDNA was progressively amplified from 0.38 ± 0.20 × 10 5 copies/2-layered preantral oocyte to 0.52 ± 0.28 × 10 5 copies/multi-layered GV oocyte, 1.30 ± 0.51 × 10 5 /MI oocyte and 1.89 ± 0.11 × 10 5 copies/mature MII oocyte. In the IVM group, a drastic (~10 fold) increase in the mtDNA copy number was seen in maturing oocytes from preantral (0.38 ± 0.20 × 10 5 ) to GV (3.52 ± 0.10 × 10 5 ) stage. On average, a matured IVM oocyte harbored 4.15 ± 0.36 × 10 5 copies of mitochondria in its cytoplasm, 1.2-fold higher than an oocyte matured in vivo (p < 0.001). Stage-matched oocytes collected from pregnant mare's serum gonadotropin (PMSG; Sigma, USA; G4877)-primed mice were also included as controls in this study. A relatively moderate increase in mitochondria number among the gonadotropin-stimulated oocytes of various stages suggests that gonadotropin alone can inflate mtDNA synthesis even though it was not as effective as the combinatorial signals provided by our IVM system (b in Figure 5(C) C) and (D) ).
Oocytes matured by IVM contained a significantly higher level of ATP than the in vivo oocytes (0.38 ± 0.02 pmol/in vitro oocyte vs 0.25 ± 0.04 pmole/in vivo oocyte; p < 0.05).
In Vitro Fertilization of Matured MII Oocytes
The capacity of FVB/N-Tg MII oocytes matured in vitro to undergo fertilization, cleavage, blastocyst formation and early embryo development after insemination was determined. The zona-drilled MII oocytes (n = 32; Figure 6(A)-a) were inseminated with C57BL/6J spermatozoa. Sperm penetration can be seen in all of the MII oocytes under IVF (Figure 6(A)-b) . 94% of spermpenetrated oocytes proceeded to the 2-cell, 3-cell and 4-cell stages (Figures 6(A)-c-e) . On day 3 of culture in M16, twenty-five fertilized oocytes developed to the 16-cell, morula or blastocyst stage (Figure 6(A)-f) . Immunofluorescence staining of the resulting hybrid blastocysts clearly demonstrated the correct spatial segregation of two committed cell lineages: Nanog-positive inner cell mass and Cdx2-positive outer trophectoderm (Figure 6(B) ). Totally, twenty-two viable embryos, regardless of their developmental stages, were transferred to the oviducts of two CD-1 pseudo-pregnant recipient mothers. Surprisingly, 17 embryos in total were collected at E9.5 and E11.5 and subjected to lacZ-staining. Figure  6 (C) shows eight healthy embryos collected from one pseudo-mother; five of which carried the Umodl1-BAClacZ transgene as confirmed by its expression in the developing inner ears and vertebrae. When the strain-specific D1Mit3 polymorphic marker was examined by genomic PCR, both FVB/N and C57BL6/J alleles were present in the IVF embryos (Figure 6(C)-b) . Generation of healthy embryos from IVM oocytes by IVF with a 77% success rate (17/22) strongly demonstrates that our
(C) IVM system is reliable to produce oocytes of high quality.
DISCUSSION
In vivo oocyte maturation is a complex process that requires the acquisition of competence to resume and complete meiotic divisions, accumulation of maternal factors for fertilization and early embryogenesis, and epigenetic reprogramming of the oocyte genome. Great efforts have been made by many researchers to establish in vitro culture models that can closely mimic the in vivo ovarian growth environment. Minimal disturbance of the intricate 3-D architecture of the theca/granulosa-oocyte complex is critical for successful in vitro maturation of follicles/ oocytes, in which the nutrient uptake, as well as paracrine/ endocrine interactions between somatic cells and oocytes can be well sustained [64, 65] . Spontaneous release of oocytes had always been observed around day 6 of culture in our previously adopted culture systems including both the conventional 2-D and improved alginate-based 3-D systems (data not shown). Both sub-optimal hormonal milieu and spatial restraints, even in the 3-D gel matrices, may contribute to the premature oocyte release and follicle degeneration. In this regard, we employed a two-step culture system in which the isolated singly follicles were first grown in groups by inverted micro-drop suspension culture for 6 days. Once the 3-D architectures were well established as manifested by a healthy follicular expansion and the most susceptible period of oocyte premature release had passed, follicular aggregates were further cultured by the conventional culture method in tissue culture dishes, followed by a 2-day hCG/EGF induction of ovulation. Histological analysis demonstrates that all developmental milestones during folliculogenesis, such as granulosa cell proliferation/differentiation, antral formation, GVBD and PB extrusion, can be faithfully recapitulated by our culture system as the in vivo follicles (Figure 2) . This study has achieved a satisfactory result with respect to the oocyte MII maturation rate from inbred mice, and a much better outcome of fertilization and early embryogenesis, when compared with the ground breaking work done by other reputable research groups [8, 29] . As mentioned before, ~90% (47/50) of GV and degenerated oocytes under IVM were found in follicles that were in direct contact with the tissue culture vessels, suggestive of a different culture milieu from that of the follicles grown on top of them. Despite compromised quality of the enclosed oocytes, the somatic cells including granulosa and theca cells showed no sign of degeneration, and the architecture of the basal membrane was well preserved (Figure 2(B)-k) . If the attached follicles were excluded from this study, our success rate of MII maturation would have reached up to ~50%. Therefore, in the same follicular aggregates, spatial variation determined the different fate of the enclosed oocyte. One the other hand, we could not absolutely rule out the possibility that these attached follicles may play some beneficial roles in the maintenance of hormonal environment as well as the 3-D structural support for other follicles. To further improve our IVM efficiency, we propose to coculture follicles with other well characterize immortallized mouse granulosa cells(GC) [66] first by inverted micro-drop suspension culture, followed by transferring these GC-follicle aggregates to micro-droplets of medium covered with oil. Most likely, the immortalized granulosa cells will not only provide the 3-D support for the associated follicles, but also fine tune the culture conditions by secreting essential hormones, growth factors and cytokines. Among other factors that influence mouse oocyte IVM, hormonal requirements and antioxidant machinery play a critical role in stimulating oocyte nuclear and cytoplasmic maturation. In vitro culture was practically performed in higher oxygen concentration than in vivo environments, leading to an increased of reactive oxygen species (ROS), namely superoxide anion, hydrogen peroxide, and hydroxyl radical [67, 68] . Elevated ROS production can affect membrane lipids and nuclear/mitochondrial DNA content, and accelerate apoptosis [69, 70] . Therefore, ROS production and the scavenging activity by antioxidants has to be balanced in both in vivo physiological and in vitro culture conditions. ITS (insulintransferrin-selenium), known to promote nutrient uptake by cells and to detoxify oxygen radicals, was added to our IVM system. Insulin has beneficial effects on granulosa cell proliferation and differentiation, and may improve the cleavage rate as well as developmental potential of early embryos [71] ; while selenium and transferring participate in the oocyte antioxidant defense system. Inclusion of FSH is required for the overall well-being of maturing follicles, including the granulose cell proliferation/differentiation as well as the resultant cytoplasmic/ nuclear maturation of oocytes. However, combination of FSH plus high levels of insulin resulted in the precocious differentiation of cumulus cells, and thus was detrimental to oocyte competence [72] . To minimize the deleterious effect, ITS concentration was reduced in our IVM system. Meanwhile, the scavenging ability of the antioxidants was compensated for by increasing the ascorbic acid concentration by 0.25 mM (Note, α-MEM contains 0.25 mM ascorbic acid).
The meiotic spindles consist of microtubules that are formed by polymerization of α-and β-tubulin [73, 74] . Formation and subsequent migration of spindles are required for the polarization of mouse oocytes during meiotic maturation, a process essential for asymmetric cell divisions that maximize retention of maternal factors for early embryogenesis. Structural disturbance of the meiotic spindles could result in chromosomal dispersion, failure of fertilization and termination of embryogenesis [75] . Integrity of spindles is very sensitive to the culture conditions. Extreme temperature during cryopreservation, or oxidant injury resulted from a sub-optimal medium can damage spindle structures, thereby affecting outcomes of ART [76, 77] . Despite correct cellular localization and morphology, our IVM spindles showed increased dimensions when compared with the in vivo spindles (Figure 5(A) ), which is consistent with the previous report [78] . It further suggests that the follicular milieu was not being faithfully recapitulated under any in vitro conditions reported and further improvement is needed.
Cytoplasmic maturation involves organelle reorganization, increases in the content of Ca 2+ stores and antioxidants, and the storage of mRNAs and proteins for the completion of nuclear maturation of oocytes [79, 80] . A drastic growth of oocytes during follicular maturation requires well coordinated changes in morphology, metabolic status and gene expression of the developing oocytes/follicles [81] . The energy status, i.e., ATP content, of oocytes is believed to be associated with the developmental competence of embryo [82] . Mitochondria are maternally inherited organelles that supply ATP to the cell by oxidative phosphorylation. Dysfunctional mitochondria and resultant low ATP production are major factors affecting oocyte quality [83, 84] . Therefore, the dynamics of mitochondrial biogenesis, organization as well as ATP production, which is primarily influenced by hormones, cytokines and energy substrates, has been proposed as one of the critical indicators for the quality of IVM medium. During oocyte maturation, mitochondria are redistributed to distinct regions in response to local energy demands [85] . In GV stage oocytes, mitochondria are clustered surrounding the nucleus, and migrate to the periphery of the oocyte after GVBD ( Figure  5(B)-a) . Mitochondria of in vivo MII oocytes are predominately located around the meiotic spindle ( Figure  5(B)-c) . Similar redistribution patterns were observed in our IVM oocytes except that a relatively higher level of mitochondrial signals was retained around the condensed chromosomes of MI oocytes (Figure 5(B)-b) compared with the control oocytes (Figure 5(B)-a) , suggesting a mild delay in mitochondrial migration from the nucleus to the peripheral region after GVBD. Unlike spindles whose positioning and cytokinesis are controlled by microfilaments, mitochondrial relocation during oocyte maturation is regulated by microtubules [60] . In general, the correct dynamics of the mitochondria redistribution indicated that the cytoplasmic micro-environment of our IVM oocytes is functioning and competent to support oocyte maturation.
In addition, stronger MitoTracker signals in the IVM oocytes suggest that our IVM system significantly boosted mitochondrial biogenesis and mtDNA replication. Even though as few as 0.01% of the mitochondria in the oocyte actually contribute the offspring of the next generation, accumulation of "excess" amount of mitochondria is essential for oocyte competence and developmental potential of early embryos [86] [87] [88] [89] [90] [91] . Blastomeres that inherit an insufficient amount of mitochondria remain arrested and undergo fragmentation [92] . The critical thresholds of mtDNA copy number for successful fertilization and development of early embryos have been estimated in mature oocytes from a variety of mammals by several groups. In mice, the minimal mtDNA copy number in the oocyte that is essential for post-implantation development is on the order of 40,000 -50,000 copies [89] . In this study, mtDNA copy number of single oocyte at different maturation stage was measured by quantitative-PCR. Unlike the in vivo oocytes that showed a progressive increase in its mtDNA copies as the maturation proceeded, the IVM oocytes exhibited a burst of mitochondrial biosynthesis (>10 fold) during the maturation from 2-layered-GV to the multi-layered GV stage, and then reached a steady state of mitochondrial replication in which only a 17.8% increase was achieved during the transition from GV (MLS) to MII (Figure 5(C) ). Consistent with the elevated mitochondrial biosynthesis, the energy status of the IVM oocytes, as manifested by the total ATP content, showed an identical dynamic pattern, and remained at a higher energy level at all stages examined as compared with the controls (Figure 5(D) ). From these data, we conclude that our IVM system is prone to mitochondrial biogenesis and mtDNA replication. High mtDNA content in the mature IVM oocytes ensures not only the energy demand by maturing oocytes, but also the faithful transmission of these organelles to all cells of the early embryo. Despite the determination of the threshold value of mitochondria, the optimal range of mitochondrial copies required for oocyte maturation and subsequent embryo development has not been meticulously examined. Emerging evidence has suggested that high mitochondrial DNA copy number has detrimental effects as well on mouse somatic cells [93] , which may also be applicable to female gametes. Therefore, in any culture system, mitochondrial biogenesis, mtDNA replication and ATP production must be kept in check to avoid any deleterious impact on the oocyte competence.
Expression patterns of key regulatory genes present us informative clues as to the status of the culture system. Interestingly, all of the oocyte-specific genes examined in this study displayed identical dynamic patterns of expression between the in vivo and in vitro oocytes. Nevertheless, evident are the steady-state levels of genes related to endocrine-signaling and cell-cell interactions between the two experimental groups. Decreased levels of FSHR, Glut1 and Cyp19a1 in the IVM granulosa/ theca cells suggest that a feed-back inhibitory regulation has taken into effect for the self protective purpose by the follicles, in response to the IVM medium that was somehow over rich in nutrients, hormones and cytokines. Difference in expression can also be seen in some genes encoding ECM and cell-cell junction proteins between the IVM and control follicles/oocytes (Figure 4) , further supporting that, no matter how good it was manipulated, the IVM system can not fully reiterate all physiological events as in vivo. Once these limiting components were identified, they can be used as breakthrough points to improve the IVM efficiency.
In addition to its critical roles in morphogenesis during early embryogenesis and male germ cell development, retinoic acid (RA) is actively involved in female reproduction. At the early embryonic stage of 13.5, RA produced by the mesonephros is required for entry into meiosis of female gonocytes, the committed primordial germ cells (PGCs). Whether RA is able to promote the MI to MII transition in oocytes is elusive. But, the stimulatory effect of RA in oocyte maturation has been reported in many animal model systems [46, 47, 94, 95] . RA exerts its functions on oocyte competence not only by its antioxidant properties, but also by its regulatory effects on the down-stream genes including gonadotropin receptors, cyclooxygenase-2 and nitric oxide synthase in cumulus-granulosa cells. Based on the previous studies, we included RA at 2 µm in our culture medium, which may partly contribute the enhanced rates in fertilization and embryogenesis in our IVM system. Despite its positive role in mouse oocyte maturation, precautions have to be taken before its application to humans because of its carcinogenicity. Even with mouse oocytes, prolonged culture in medium supplemented with RA could induce more parthenogenetic embryos.
